Introduction {#s1}
============

Assessing the vulnerability (sensitivity+exposure to threats) and adaptive capacity (ability to adjust to threats) of species helps identify the most important factors affecting species survival and prioritize limited conservation resources. In addition to pressures such as habitat fragmentation [@pone.0070647-Brooks1], invasive species [@pone.0070647-McGeoch1], disease [@pone.0070647-Smith1], and overexploitation [@pone.0070647-Loehle1], climate is a critical factor affecting the survival and distribution of species. Climate affects biodiversity at multiple spatial and taxonomic scales, and recent climate change is already linked to alterations in species phenology, survival, and distribution [@pone.0070647-IntergovernmentalPanelonClimate1], [@pone.0070647-Parmesan1], [@pone.0070647-Parmesan2], [@pone.0070647-Root1]. Climate change may present unique challenges to threatened and endangered taxa (hereafter referred to as endangered), because these species often exist in small populations, have limited genetic variation, and may have ecological traits that make them vulnerable to rapid environmental change. It is cost-effective to prioritize conservation efforts towards species and communities that have a relatively high probability of conservation success, and provide ecological, evolutionary, social, or economic value.

Florida is a national hotspot of endemism [@pone.0070647-Knight1], [@pone.0070647-Stein1], making biological conservation significant at local, national, and broader levels. There are also many taxa at risk of extinction, and only three other states in the country have more federally endangered taxa than Florida (Hawaii, California, and Alabama). Of the 572 endangered animal taxa listed on the federal register in the United States, 53 occur in Florida (approximately 10% of all listed taxa). Of these 53 federally listed taxa, 23 are designated as subspecies (approximately 43% of Florida's listed taxa), and 19 of the 23 subspecies are endemic (unique) to Florida [@pone.0070647-US1]. Understanding the vulnerability of endangered subspecies in this region to factors such as climate change and habitat fragmentation may help reduce extinction rates for Florida's endangered vertebrates.

Numerous pressures affect native species persistence in Florida, including climate change. Florida is particularly vulnerable to sea level rise, with about 10% of its land area less than 1 m above current sea level [@pone.0070647-Weiss1]. Most of the Florida Keys are predicted to be inundated or drastically altered under a sea level rise scenario of 0.6 m [@pone.0070647-Ross1], [@pone.0070647-Zhang1], and substantial tracts of the Everglades, other low-lying coastal areas, and barrier islands across the state will be submerged or severely modified with 1 m of sea level rise [@pone.0070647-Noss1]. Many areas that are not inundated by increased sea level will be susceptible to storm surges, flooding, erosion, and other risks [@pone.0070647-IntergovernmentalPanelonClimate1]. Although Florida's climate is predicted to warm less than other regions in North America [@pone.0070647-IntergovernmentalPanelonClimate1], [@pone.0070647-Christensen1], a climate inventory over the past 35 to 108 years indicated Florida is experiencing greater climate extremes, with trends of increased summer and fall maximum temperatures and decreased winter and spring minimum temperatures [@pone.0070647-VonHolle1]. The intensity of tropical storms is also predicted to increase, although frequency may decrease [@pone.0070647-IntergovernmentalPanelonClimate1], [@pone.0070647-Misra1]. Given the link between extreme climate events and the decline of local populations [@pone.0070647-Ross1],[@pone.0070647-Parmesan3], an increase in frequency or intensity of extreme climate may threaten endangered species that exist in small fragmented populations.

High human population growth rates and non-native species invasions also threaten native fauna of this region. Florida's human population growth rate was the third highest in the United States between 2000 and 2010 [@pone.0070647-Mackun1]. Florida also has a high incidence of non-native plant and animal species [@pone.0070647-Pimentel1], [@pone.0070647-SouthFloridaWaterManagement1]. These pressures coupled with high biodiversity and limited conservation resources make setting conservation priorities extremely important.

Vulnerability assessments are a valuable tool that aid in prioritizing conservation efforts through the evaluation of threats and their impacts on species and communities. The Standardized Index for Vulnerability and Value Assessment (SIVVA) is a novel tool [@pone.0070647-Reece1] that is useful for evaluating vulnerability, adaptive capacity, and conservation value of species and communities. It provides several improvements over previous vulnerability assessments, such as the explicit incorporation of sea level rise and the ability to account for uncertainty in the assessment process. It allows for inclusion of the ecological, evolutionary, and economic value of taxa, and offers a flexible and modular approach applicable to a broad range of taxonomic groups, including terrestrial, freshwater aquatic, and marine species. SIVVA allows for the evaluation of multiple interacting threats, both independently and collectively, to measure vulnerability and adaptive capacity, allowing for a more comprehensive assessment that is particularly useful for setting conservation priorities in regions that face numerous threats to biodiversity.

In this study we incorporated a multi-step approach to evaluate vulnerability and adaptive capacity of federally endangered subspecies in Florida. We focused on subspecies pairs that differed in endangered status, because their phylogenetic relatedness provided the opportunity to ask questions about ecological traits related to adaptation and vulnerability. Because each subspecies in the taxon pair represented a closely related but distinct population, potential variation in ecological traits may help explain the relative ability to respond to environmental change. This framework allowed for a robust test to examine potential differences in traits for endangered taxa, especially given that controlled experiments on these subspecies are not feasible. Although comparing traits among related taxa and accounting for phylogenetic similarity is not uncommon in ecological studies, we are unaware of other regional-scale studies designed to investigate trait differences among many pairs of closely related taxa (subspecies) that vary in conservation status. The target group for this study included all of the federally endangered subspecies located in Florida.

We examined reproductive output, home range size, dispersal ability, and survival because they can affect population persistence and extinction risk [@pone.0070647-Cardillo1], [@pone.0070647-Fritz1], [@pone.0070647-Massot1]. Our approach coupled SIVVA with in-depth literature surveys of ecological traits to evaluate vulnerability and adaptive capacity of endangered subspecies under future scenarios of sea level rise, habitat fragmentation, and climate. Because endangered taxa often have restricted ranges, small population sizes, and reduced genetic variation, we expected endangered subspecies to demonstrate higher vulnerability and lower adaptive capacity compared to closely related, non-endangered subspecies. We also developed four specific *a priori* hypotheses related to vulnerability criteria important in Florida, and predicted that endangered subspecies would have greater vulnerability to sea level rise, habitat fragmentation, and altered temperature and precipitation regimes. Lastly, we expected that endangered subspecies would have higher vulnerability and decreased adaptive capacity because of lower reproductive output, greater home range size, shorter dispersal, and lower survival rates.

Materials and Methods {#s2}
=====================

1. Study Taxa {#s2a}
-------------

Study taxa comprised 12 taxon-pairs (n = 8 mammals, n = 4 birds). Each pair consisted of a federally endangered subspecies and a closely related non-endangered subspecies in the same parent species group (in a few cases, two non-endangered subspecies were used for comparison; [Table 1](#pone-0070647-t001){ref-type="table"}). Although the target group included taxon-pairs encompassing all of the federally threatened and endangered subspecies in Florida (n = 23 animals, n = 2 plants), analyses were conducted on 12 taxon-pairs due to limited data for 13 taxon-pairs. Scientific nomenclature for endangered subspecies followed the U.S. Fish and Wildlife Service (USFWS) Endangered Species Program [@pone.0070647-US1]; nomenclature for non-endangered subspecies followed the Integrated Taxonomic Information System (ITIS) [@pone.0070647-IntegratedTaxonomicInformation1] and supplemental literature when indicated. Although there were a few cases of disputed taxonomy ([Table 1](#pone-0070647-t001){ref-type="table"}), all federally endangered subspecies represent distinct populations that do not interact with the non-federally endangered subspecies. Non-endangered subspecies were chosen based on information availability, with preference given to those with the greatest geographic similarity.

10.1371/journal.pone.0070647.t001

###### Study species.

![](pone.0070647.t001){#pone-0070647-t001-1}

  Federally listed subspecies                                              Common name            Federal status                    Non-listed subspecies
  --------------------------------------------------------------- ------------------------------ ---------------- ---------------------------------------------------------
  **Mammals**                                                                                                     
  *Neotoma floridana smalli*                                            Key Largo woodrat           Endangered                           *floridana*
  *Odocoileus virginianus clavium*                                           Key deer               Endangered                          *virginianus*
  *Oryzomys palustris natator* [a](#nt102){ref-type="table-fn"}          Silver rice rat            Endangered     *natator*, *palustris* [b](#nt103){ref-type="table-fn"}
  *Puma concolor coryi*                                                  Florida panther            Endangered           *couguar* [c](#nt104){ref-type="table-fn"}
  *Peromyscus gossypinus allapaticola*                               Florida salt marsh vole        Endangered                          *gossypinus*
  *Peromyscus polionotus niveiventris*                               Southeastern beach mouse       Threatened                     *rhoadsi*, *subgriseus*
  *Peromyscus polionotus phasma*                                   Anastasia Island beach mouse     Endangered                     *rhoadsi*, *subgriseus*
  *Sylvilagus palustris hefneri*                                     Lower Keys marsh rabbit        Endangered                          *paludicola*
  **Birds**                                                                                                       
  *Ammodramus maritimus mirabilis*                                  Cape Sable seaside sparrow      Endangered                     *maritimus, peninsulae*
  *Ammodramus savannarum floridanus*                               Florida grasshopper sparrow      Endangered                   *pratensis*, *perpallidus*
  *Polyborus plancus audubonii*                                      Audubon crested caracara       Threatened           *cheriway* [d](#nt105){ref-type="table-fn"}
  *Rostrhamus sociabilis plumbeus*                                     Everglade snail kite         Endangered                          *sociabilis*

Study species comprised 12 taxon-pairs, each included a federally threatened or endangered subspecies and a closely related non-listed subspecies in the same parent species group (in some cases, two non-listed subspecies were used for comparison). Scientific nomenclature for listed subspecies followed the U.S. Fish and Wildlife Service Endangered Species Program [@pone.0070647-US1]; nomenclature for non-listed subspecies followed the Integrated Taxonomic Information System [@pone.0070647-IntegratedTaxonomicInformation1] and supplemental literature when indicated.

The endangered taxon *Oryzomys palustris natator* [@pone.0070647-US1] is also referred to as *Oryzomys argentatus* [@pone.0070647-Indorf1].

Subspecies taxonomy for *O. palustris* has undergone several revisions. For this study, we compared the federally endangered population (*O*. *p. natator* aka *O. argentatus*) to two mainland subspecies of *O. palustris* located in Florida and the southeastern United States. According to [@pone.0070647-Indorf1], *O. p. natator* is a subspecies that occurs in central Florida; it does not interact with the endangered population.

Subspecies taxonomy for *Puma concolor* has undergone several revisions. According to [@pone.0070647-Hothorn1], *P*. *c*. *couguar* refers to cougars throughout North America.

*Polyborus plancus audubonii* [@pone.0070647-US1] is included as a sub-population of the species *Caracara cheriway* (northern crested caracara) according to ITIS [@pone.0070647-IntegratedTaxonomicInformation1] nomenclature. We compared the *P*. *p*. *audubonii* population to other non-interacting individuals with the most geographic similarity in the *C. cheriway* complex.

2. Vulnerability Assessments (SIVVA) {#s2b}
------------------------------------

Vulnerability assessments using the SIVVA framework were conducted for 12 endangered subspecies and their closely related non-endangered subspecies (n = 23 total assessments; *Peromyscus polionotus phasma* and *Peromyscus polionotus niveiventris* have the same parent species, *Peromyscus polionotus*; [Table 1](#pone-0070647-t001){ref-type="table"}). The SIVVA framework consists of four modules: vulnerability (sensitivity+exposure to threats), adaptive capacity (ability to adjust to threats), conservation value, and information availability. Each module contains a set of criteria (n = 30 total SIVVA criteria) that describe key threats and factors relevant to conservation planning. For example, the vulnerability module includes 12 different criteria describing potential threats to species persistence, including sea level rise, habitat fragmentation, and altered temperature and precipitation ([Table S1](#pone.0070647.s001){ref-type="supplementary-material"}).

Each taxon was assessed independently by two experts with knowledge regarding the taxon of interest. Experts were provided with detailed taxon range maps, projections (e.g., sea level rise, human population growth), and a summary of published literature for the taxon. The accuracy of expert opinion greatly improves when it is coupled with consultation of relevant literature [@pone.0070647-Clevenger1], [@pone.0070647-Martin1]. For each assessment, the taxon was scored on a continuous scale from zero to six for each of 30 criteria. In general, higher scores corresponded to higher vulnerability, lower adaptive capacity, greater conservation value, and greater information availability (e.g., we assumed greater information availability enhances the probability of conservation success). For example, vulnerability criterion scores of one and two corresponded to positive responses to projected environmental change (one was most positive), a score of three corresponded to no effect, and scores of four, five, and six indicated increasingly negative responses to the environmental threat. Scores reflect expert opinion, but have quantitative guidelines, for example, a score of six for vulnerability to sea level rise corresponded to "50% or more of known range being inundated by 1 m of sea level rise by 2100." For all criteria, a score of zero indicated insufficient information to evaluate the criterion. Detailed descriptions of score metrics were provided with each criterion, and although the specific metrics related to each score varied depending on the criterion, the relative scale was constant.

Summary scores were calculated for each module as the total number of points divided by the total number of possible points ([Table S1](#pone.0070647.s001){ref-type="supplementary-material"}). Note that a higher adaptive capacity score equates to reduced adaptive potential. We also applied a pre-determined weighting scheme that reflected the relative importance of the criteria for terrestrial vertebrate taxa [@pone.0070647-Reece1]. Weights were randomly permuted 1000 times to assess the influence of the weighting scheme on each module score for each taxon. The level of expert certainty was also incorporated via a checked box next to criterion scores with low confidence. To account for the uncertainty, values of zero or one were added or subtracted from each checked criterion (while maintaining a score range of 1--6), and each module score was recalculated using 1000 Monte Carlo simulations. From these simulations, we created 95% confidence intervals around each module score that summarized potential deviations in the overall score resulting from potential variability in criterion scores due to assessor uncertainty. For a more detailed description of SIVVA, refer to Reece and Noss [@pone.0070647-Reece1].

3. Ecological Traits {#s2c}
--------------------

We gathered information on ecological traits from published literature for 12 taxon-pairs and 4 trait categories: litter or clutch size, home range size, dispersal distance, and annual adult survival ([Dataset S1](#pone.0070647.s002){ref-type="supplementary-material"}). Observations from published literature were classified as independent if they contained data without overlapping individuals, locations, and/or time periods. Within each taxon-pair x trait combination we controlled for factors such as gender, age class (e.g., juvenile vs. adult), sample duration (e.g., monthly vs. annual survival), and measurement unit. When applicable, data were converted to maintain constant sample units for each taxon-pair x trait combination (e.g., home range data reported as hectares were converted to km^2^). We obtained information for at least one trait for each of the 12 taxon-pairs. Territory size was used as the home range metric in *Ammodramus* taxa. We also compiled data that quantified geographic distance to the coast for each taxon, determined by calculating the Euclidean distance between the geographic range centroid (geometric center) and the closest coastline. Geographic range maps were obtained from NatureServe [@pone.0070647-NatureServe1]. Geographic distance to the coast was transformed using the natural log to meet normality assumptions.

4. Statistical Analyses {#s2d}
-----------------------

### 4.1. Vulnerability assessments (SIVVA) {#s2d1}

We tested whether each SIVVA module score (vulnerability, adaptive capacity, conservation value, information availability) differed between endangered and non-endangered subspecies using linear mixed effects models. Each model contained a fixed effect of taxon status (endangered vs. non-endangered) and random effects of assessor identity and taxon-pair. We tested for the effect of taxon status on SIVVA scores by comparing models with and without the fixed effect using a chi-square statistic [@pone.0070647-Bolker1]. Because each taxon was assessed by two independent experts, pairwise differences within taxon-pairs were evaluated using 95% confidence intervals around each SIVVA module score, calculated for each taxon using 1000 Monte Carlo simulations based on scoring uncertainty.

We developed four *a priori* hypotheses regarding vulnerability to sea level rise, habitat fragmentation, altered temperature, and altered precipitation, therefore we also evaluated these vulnerability criteria independently (criteria 1,3,4, and 5 of the vulnerability module; [Table S1](#pone.0070647.s001){ref-type="supplementary-material"}) using a mixed effects model with fixed and random effects as described for the overall SIVVA analyses. Owing to recent criticisms of the Bonferroni correction including the inflation of type II error and loss of power [@pone.0070647-Moran1], [@pone.0070647-Nakagawa1] we accounted for the false discovery rate when conducting multiple tests by controlling for the proportion of false positives among rejected null hypotheses [@pone.0070647-Benjamini1], [@pone.0070647-Garca1]. Scores of the individual vulnerability criteria were non-normal, so we specified a Poisson error distribution in all models except the model for sea level rise. We tested for differences in sea level rise vulnerability using the proportion of habitat lost to 1 m of sea level rise by 2100. The proportion of habitat inundated was calculated via taxon range maps obtained from NatureServe [@pone.0070647-NatureServe1]. The sea level rise scenario map was generated using ArcGIS v10 software and a "bathtub inundation" approach based on a 10 m resolution digital elevation map. This scenario represents a modest estimate of sea level rise that will likely occur by 2100 [@pone.0070647-Pfeffer1], [@pone.0070647-Strauss1], [@pone.0070647-Vermeer1]. Because vulnerability to sea level rise was scored as a proportion, we used a logit transformation for these data [@pone.0070647-Warton1]. The test for vulnerability associated with habitat fragmentation was based on SIVVA criterion scores that assessed potential habitat limitations (including dispersal and migration paths) resulting from natural barriers and human land use practices. This was evaluated using taxon range maps (which included natural features) in conjunction with Florida 2060 population projections and associated forecasts estimating future development and land use changes [@pone.0070647-Zwick1]; this source represented the only accessible statewide projections at the time of this research. To assess variation in vulnerability to altered temperature and precipitation, we compared SIVVA vulnerability criteria scores evaluating taxon dependence on narrow temperature or precipitation regimes. As before, significance of all models was tested by comparing models with and without the fixed effect (endangered vs. non-endangered) using a chi-square statistic [@pone.0070647-Bolker1]. Because each taxon was evaluated by two independent assessors, differences within taxon pairs were evaluated using 95% confidence intervals around each score, as determined from Monte Carlo simulations based on scoring uncertainty.

### 4.2. Ecological traits {#s2d2}

To test for differences in ecological traits between endangered and non-endangered subspecies across all taxon-pairs, trait data were converted to proportions of the maximum value for each taxon-pair x trait combination (which allowed for comparisons across taxon-pairs with data that varied in scale). Proportion data were logit transformed to account for non-normality, and the minimum non-zero proportion in the data set was added to the numerator and denominator of the logit function to correct for proportion values equal to one [@pone.0070647-Warton1]. Data were analyzed using a linear mixed effects model with trait nested within taxon status (endangered vs. non-endangered); taxon-pair was included as a random effect. Tukey's HSD contrasts were calculated to determine pairwise differences between all endangered and non-endangered subspecies for each trait. In addition to the 'global' analysis across all taxon-pairs (which tested for overall trait differences between endangered and non-endangered subspecies), trait differences within individual taxon-pairs were calculated using Wilcoxon rank sum tests (non-transformed data) for taxon-pair x trait combinations with at least three independent observations per taxon.

Long distance dispersal can affect species range shifts [@pone.0070647-Pearson1], [@pone.0070647-Phillips1], and dispersal capacity may affect the ability to utilize fragmented landscapes [@pone.0070647-VanTeeffelen1]. Therefore, we conducted Spearman rank correlations (non-transformed data) between mean and maximum dispersal estimates. Because there was a significant positive correlation between mean and maximum dispersal distance (r = 0.898, p\<0.001), and analyses conducted with mean and maximum dispersal metrics produced equivalent results, we chose to report analyses using only mean dispersal distance.

### 4.3. Relating ecological traits to SIVVA {#s2d3}

To determine whether ecological characteristics were associated with SIVVA modules, we conducted Pearson product-moment correlation analyses between ecological traits (transformed data) and both the vulnerability and adaptive capacity SIVVA module scores. Because vulnerability to sea level rise, habitat fragmentation, and altered temperature and precipitation are important in this region, correlation analyses were also conducted between each ecological trait and these four vulnerability criteria. We accounted for the false discovery rate when conducting multiple tests by controlling for the proportion of false positives among rejected null hypotheses [@pone.0070647-Benjamini1], [@pone.0070647-Garca1]. Because vulnerability to habitat fragmentation, altered temperature, and altered precipitation were evaluated on the SIVVA scale from 1--6, we conducted Spearman's rank correlations for these data, while maintaining Pearson correlations for the percent habitat lost to 1 m of sea level rise.

Statistical analyses were conducted in R [@pone.0070647-R1]. Mixed model analyses were performed using the lme4 package [@pone.0070647-Bates1], Tukey's contrasts were calculated using the multcomp package [@pone.0070647-Hothorn1], and all other analyses were conducted using the base package in R (α = 0.05 for all analyses).

Results {#s3}
=======

1. Vulnerability Assessments (SIVVA) {#s3a}
------------------------------------

Endangered subspecies as a group had higher SIVVA vulnerability than non-endangered subspecies (χ^2^ = 44.931, df = 1, p\<0.001; [Figure 1](#pone-0070647-g001){ref-type="fig"}), and pairwise differences within each taxon-pair indicated that all endangered subspecies had significantly higher vulnerability compared to their closely related non-endangered subspecies (p\<0.05). For individual vulnerability criteria, endangered subspecies showed greater percent habitat inundation under 1 m of sea level rise (χ^2^ = 13.654, df = 1, p\<0.001) and higher vulnerability to habitat fragmentation (χ^2^ = 13.560, df = 1, p\<0.001) compared to non-endangered subspecies. Endangered subspecies did not show significantly greater vulnerability to altered temperature (p = 0.559) or precipitation (p = 0.278). Vulnerability to sea level rise, habitat fragmentation, and altered temperature and precipitation for each endangered subspecies are shown in [Table 2](#pone-0070647-t002){ref-type="table"}.

![Standardized Index for Vulnerability and Value Assessment (SIVVA) module scores.\
Mean SIVVA module scores (± SE) for threatened and endangered subspecies (shaded bars) and non-listed subspecies (white bars) for vulnerability (VU), adaptive capacity (AC), conservation value (CV), and information availability (IA). Note that a higher AC module score corresponds to lower adaptive capacity. For each module, bars with different letters are significantly different (p\<0.05).](pone.0070647.g001){#pone-0070647-g001}
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###### Threatened and endangered subspecies vulnerability.

![](pone.0070647.t002){#pone-0070647-t002-2}

                                          Vulnerability                                                         
  -------------------------------------- --------------- ----------- ------------------------------------------ -----------
  **Mammals**                                                                                                   
  *Neotoma floridana smalli*                  High          High                      Neutral                     Neutral
  *Odocoileus virginianus clavium*          Very high     Very high                   Moderate                   Very high
  *Oryzomys palustris natator*              Very high       High                      Neutral                     Neutral
  *Puma concolor coryi*                     Moderate        High                      Moderate                      Low
  *Peromyscus gossypinus allapaticola*        High          High                      Neutral                     Neutral
  *Peromyscus polionotus niveiventris*        High        Moderate                    Neutral                     Neutral
  *Peromyscus polionotus phasma*              High          High                      Neutral                     Neutral
  *Sylvilagus palustris hefneri*              High        Very high                   Moderate                   Very high
  **Birds**                                                                                                     
  *Ammodramus maritimus mirabilis*            High        Very high                   Neutral                     Neutral
  *Ammodramus savannarum floridanus*           Low        Very high                   Moderate                   Moderate
  *Polyborus plancus audubonii*                Low          High      Positive[a](#nt107){ref-type="table-fn"}    Neutral
  *Rostrhamus sociabilis plumbeus*             Low          High                      Moderate                     High

Vulnerability of 12 federally threatened and endangered subspecies to sea level rise, habitat fragmentation, altered temperature, and altered precipitation. Sea level rise vulnerability was derived from the percent of habitat inundated under 1 m of sea level rise (Low = 0--25%, Moderate = 26--50%, High = 51--75%, Very high = 76--100%). Vulnerability to habitat fragmentation, altered temperature, and altered precipitation were based on the Standardized Index for Vulnerability and Value Assessment (SIVVA) criteria scores (Neutral = 3, Low = 3--3.75, Moderate = 3.75--4.5, High = 4.5--5.25, Very high = 5.25--6).

*P. p. audubonii* was evaluated to respond positively to altered temperature.

Endangered subspecies exhibited lower overall adaptive capacity as a group (higher SIVVA adaptive capacity scores) compared to non-endangered subspecies (χ^2^ = 36.436, df = 1, p\<0.001; [Figure 1](#pone-0070647-g001){ref-type="fig"}). Although each endangered subspecies had lower adaptive capacity than closely related non-endangered subspecies (higher adaptive capacity score), pairwise differences within each taxon-pair indicated this was significantly lower for only 6 out of 12 endangered subspecies (p\<0.05). Conservation value was higher for endangered subspecies as a group (χ^2^ = 71.519, df = 1, p\<0.001; [Figure 1](#pone-0070647-g001){ref-type="fig"}), and pairwise differences indicated that all endangered subspecies had significantly higher conservation value than their non-endangered subspecies pair (p\<0.05). Endangered subspecies in our study group also had slightly greater information availability compared with non-endangered subspecies (χ^2^ = 4.207, df = 1, p = 0.040; [Figure 1](#pone-0070647-g001){ref-type="fig"}), and pairwise differences showed that 4 out of 12 endangered subspecies had greater information availability.

2. Ecological Traits {#s3b}
--------------------

Across all taxon-pairs, we detected significant variation among traits (χ^2^ = 80.671, df = 6, p\<0.001), and Tukey's HSD contrasts indicated that endangered subspecies had larger home range sizes (p = 0.002) and shorter dispersal distances (p = 0.033) than non-endangered subspecies ([Figure 2](#pone-0070647-g002){ref-type="fig"}). There was no difference in reproductive output per reproductive event or annual adult survival between endangered and non-endangered subspecies across all taxon-pairs.

![Ecological trait values.\
Mean ecological trait values (± SE) in threatened and endangered subspecies (shaded bars) and non-listed subspecies (white bars) for litter or clutch size, home range size, dispersal distance, and annual adult survival. Data were transformed to proportions of the maximum value for each taxon-pair x trait combination. For each trait, bars with different letters are significantly different (p\<0.05).](pone.0070647.g002){#pone-0070647-g002}

Within taxon-pairs, *Puma concolor coryi* (W = 6, n~1~ = 3, n~2~ = 12, p = 0.048) and *Ammodramus savannarum floridanus* (W = 0, n~1~ = 3, n~2~ = 4, p = 0.029) had lower reproductive output than their closely related non-endangered subspecies ([Figure 3](#pone-0070647-g003){ref-type="fig"}). Reproductive output did not differ in the other four taxon-pairs with sufficient data to conduct within-taxon-pair comparisons ([Figure 3](#pone-0070647-g003){ref-type="fig"}). For the two taxon-pairs with sufficient home range information to conduct within-taxon-pair comparisons, *Neotoma floridana smalli* had a larger home range than *Neotoma floridana floridana* (W = 9, n~1~ = n~2~ = 3, p = 0.050), while home range size of *P. c. coryi* did not differ from other cougars in North America (*Puma concolor couguar*; [Table 1](#pone-0070647-t001){ref-type="table"}; [Figure 4](#pone-0070647-g004){ref-type="fig"}) [@pone.0070647-Culver1]. For dispersal distance there was only one taxon-pair with sufficient information, whereby *P. c. coryi* showed shorter dispersal than *P. c. couguar* (W = 0, n~1~ = 3, n~2~ = 8, p = 0.006; [Figure 4](#pone-0070647-g004){ref-type="fig"}). Adequate data was not available to conduct within-taxon-pair comparisons for survival.

![Reproduction within taxon-pairs.\
Mean litter or clutch size (± SE) for taxon-pairs with a minimum of three independent observations per taxon. For each taxon-pair, bars with different letters are significantly different (shaded bars = threatened and endangered subspecies; white bars = non-listed subspecies; p\<0.05). Taxon-pairs are labeled according to the federally listed subspecies: *Pcc* = *Puma concolor coryi*, *Ppp* = *Peromyscus polionotus phasma*, *Asf* = *Ammodramus savannarum floridanus*, *Amm* = *Ammodramus maritimus mirabilis*, *Ppa* = *Polyborus plancus audubonii*, *Rsp* = *Rostrhamus sociabilis plumbeus*.](pone.0070647.g003){#pone-0070647-g003}

![Home range and dispersal within taxon-pairs.\
Mean home range size and dispersal distance (± SE) for taxon-pairs with a minimum of three independent observations per taxon. Taxon-pairs are labeled according to the federally listed subspecies. (**A**) home range for the *Nfs = Neotoma floridana smalli* taxon-pair, (**B**) home range and (**C**) dispersal distance for the *Pcc* = *Puma concolor coryi* taxon-pair. For each taxon-pair x trait combination, bars with different letters are significantly different (shaded bars = threatened and endangered subspecies; white bars = non-listed subspecies; p\<0.05).](pone.0070647.g004){#pone-0070647-g004}

3. Relating Ecological Traits to SIVVA {#s3c}
--------------------------------------

There was no significant correlation between most of the ecological traits and the vulnerability or adaptive capacity SIVVA modules. Not surprisingly, there was a negative correlation between geographic distance to the coast and vulnerability, such that taxa closer to the coast showed higher vulnerability (r = −0.842, p\<0.001; [Figure 5](#pone-0070647-g005){ref-type="fig"}). We also observed associations between some of the ecological traits and the four *a priori* vulnerability criteria important in this region, where geographic distance to the coast was negatively correlated to both the percent habitat lost to sea level rise (r = −0.675, p\<0.001) and habitat fragmentation vulnerability (r = −0.672, p\<0.001; [Figure 5](#pone-0070647-g005){ref-type="fig"}), indicating that taxa located closer to coast are more susceptible to seal level rise and habitat fragmentation effects. There was a negative correlation between dispersal distance and vulnerability to altered precipitation (r = −0.880, p = 0.021), where taxa with shorter dispersal also showed greater vulnerability to changes in precipitation.

![Associations between geographic distance to the coast and vulnerability.\
Correlation between geographic distance to the coast (natural log) and (**A**) the vulnerability module of the Standardized Index for Vulnerability and Value Assessment (SIVVA) (r = −0.842, p\<0.001), (**B**) the proportion of habitat inundated under 1 m of sea level rise (r = −0.675, p\<0.001), and (**C**) vulnerability to habitat fragmentation (r = −0.672, p\<0.001). Black circles = threatened and endangered subspecies; white squares = non-listed subspecies.](pone.0070647.g005){#pone-0070647-g005}

Discussion {#s4}
==========

The high threat of habitat inundation from sea level rise for endangered subspecies is of primary concern because approximately 10% of Florida's land area lies less than 1 m above current sea level. The mean percentage of habitat loss under a 1 m sea level rise scenario was 52% for endangered subspecies, compared to 11% for non-endangered subspecies. Additionally, all but one endangered subspecies showed high vulnerability to habitat fragmentation (*P*. *p*. *niveiventris* showed moderate vulnerability). Florida also has high rates of human population growth [@pone.0070647-Mackun1] and land use conversion [@pone.0070647-Walker1]. Sea level rise vulnerability coupled with landscape fragmentation may limit habitat availability and inhibit dispersal into new areas, and highlights the challenge of managing human land use activities in conjunction with biodiversity conservation [@pone.0070647-Brussaard1], [@pone.0070647-Noss2], [@pone.0070647-Tscharntke1].

Subspecies with the highest proportion of habitat inundation from sea level rise were located in the Florida Keys (*Oryzomys palustris natator*, *Odocoileus virginianus clavium*, *Sylvilagus palustris hefneri*, *Peromyscus gossypinus allapaticola*, *N*. *f*. *smalli*) or in coastal areas (*P*. *p*. *phasma*, *P*. *p*. *niveiventris*). Subspecies in the Florida Keys facing habitat inundation are particularly vulnerable to dispersal limitations imposed by both the island archipelago and human development. Similarly, the entire range of *P*. *p*. *phasma* is located on Anastasia Island, and rising sea levels may exacerbate dispersal limitations because of the limited size of the island and its separation from the mainland. More inland species located in peninsular Florida, such as *Ammodramus maritimus mirabilis* and *P*. *c*. *coryi*, also exhibited relatively high levels of percent habitat lost to 1 m of sea level rise (showing 57% and 50%, respectively), indicating that sea level rise vulnerability is not only an issue for taxa located in coastal areas.

In addition to high vulnerability, endangered subspecies exhibited lower adaptive capacity and higher conservation value compared to non-endangered subspecies. Subspecies with significantly lower adaptive capacity were located in the Florida Keys (*O*. *v*. *clavium*, *N*. *f*. *smalli*, *P*. *g*. *allapaticola*), coastal areas (*P*. *p*. *phasma*, *P*. *p*. *niveiventris*), and central Florida (*A*. *s*. *floridanus*). These taxa not only have greater vulnerability (exposure+sensitivity), but also a compromised ability to adapt to environmental change (adaptive capacity). The higher conservation value observed in the endangered subspecies was attributable to phylogenetic and geographic distinctiveness, endemism, and their endangered status. Even when the endangered status criterion was removed, all endangered subspecies retained their higher conservation value. Additionally, many of the endangered subspecies were rated by experts as having a low probability of recovery (e.g., *P*. *c*. *coryi*, *O*. *v*. *clavium*, *A*. *s*. *floridanus*, *A*. *m*. *mirabilis*, *Polyborus plancus audubonii*, *S*. *p*. *hefneri*, *P*. *p*. *niveiventris*; conservation value module, criterion 7). The assessment of conservation priority for these and other taxa in Florida is extremely valuable because there are limited resources available for conservation efforts.

Trait-based filtering operates when abiotic or biotic factors exclude species with certain ecological traits from a community, while allowing species with other traits to exist [@pone.0070647-Weiher1]. In the context of environmental change (e.g., climate or land use), species with life history traits that make them more sensitive or less adaptable to change are more vulnerable to extinction. The ecological trait data considered in our study helps explain differences in extinction risk, where endangered subspecies showed larger home range sizes and greater dispersal limitation compared to non-endangered subspecies. Larger home range size is often associated with greater extinction risk [@pone.0070647-Woodroofe1] because it increases sensitivity to fragmentation and exposure to human exploitation or persecution. Larger home range size may be indicative of higher resource requirements or lower habitat quality for endangered subspecies in Florida, which may increase vulnerability. Lower dispersal capacity in endangered subspecies could limit their ability to track changing climate and colonize new areas (e.g., in response to rising sea levels). The compromised life history traits in the endangered subspecies may represent inherent characteristics in these taxa or may be a consequence of the degraded landscape. In either case, it may affect their ability to adapt to rapid environmental change, especially given that many endangered taxa in Florida have already experienced environmental pressures such as habitat degradation and fragmentation.

The overall trend of larger home range size in endangered subspecies was driven by greater home range and territory sizes in small mammals (*N*. *f*. *smalli*, *O*. *p*. *natator*) and sparrows (*A*. *m*. *mirabilis*, *A*. *s*. *floridanus*), which showed a high magnitude of difference between endangered and non-endangered subspecies. The endangered large mammals (*P*. *c*. *coryi*, *O*. *v*. *clavium*) had smaller home ranges than non-endangered subspecies, likely due to habitat fragmentation effects, but the magnitude of difference was smaller. For the taxa with sufficient data to conduct within taxon-pair-comparisons, *N*. *f*. *smalli* showed a larger home range than its non-endangered subspecies, and the home range size *P*. *c*. *coryi* did not differ from its non-endangered subspecies.

All of the endangered subspecies included in the dispersal analyses were more dispersal limited than their closely related non-endangered subspecies, however there was enough data to conduct only one within-taxon-pair comparison, whereby *P. c. coryi* exhibited a shorter dispersal distance than *P. c. couguar*. This is of particular concern because the current geographic range of *P*. *c*. *coryi* is a small fragment of a once widespread distribution [@pone.0070647-Kautz1], which is characterized by several barriers to dispersal, including the Caloosahatchee River to the north, extensive mangrove swamps to the south, and urban development to the east and west [@pone.0070647-Thatcher1]. Several males were recently documented north of the Caloosahatchee River, but no females have been recorded in central Florida since the early 1970s [@pone.0070647-Thatcher2].

Because there were no overall differences across all taxon-pairs in reproduction or survival between endangered and non-endangered subspecies, these may not be crucial factors affecting vulnerability for most of our study taxa. However, the lower reproductive output in *P*. *c*. *coryi* and *A*. *s*. *floridanus* may indicate these subspecies are more vulnerable to environmental change, because slow life history (e.g., small litter size, long gestation time) is associated with greater extinction risk [@pone.0070647-Purvis1], and reproductive output affects population growth and recovery from disturbance. Due to limited data, we did not incorporate survival rates at earlier life stages (e.g., hatchling, juvenile), although these factors may be crucial for long-term population persistence.

The negative association between geographic distance to the coast and overall vulnerability has implications for conservation, because endangered taxa situated closer to the coast also showed greater habitat inundation under 1 m of sea level rise and greater vulnerability to habitat fragmentation. High population growth [@pone.0070647-Mackun1] and coastal development in this region [@pone.0070647-Finkl1] will affect conservation success for coastal and near-coastal taxa. Our results are consistent with recent studies highlighting the vulnerability of Florida's coastal species to sea level rise [@pone.0070647-Maschinski1], [@pone.0070647-Saha1], [@pone.0070647-Schmidt1]. Additionally, the negative correlation between dispersal distance and vulnerability to changes in precipitation may limit the ability of some taxa to track changing climate (e.g., *P*. *c*. *coryi*, *O*. *v*. *clavium*, *R*. *s*. *plumbeus*) if they need to disperse to find more suitable environments.

This study highlights the importance of assessing ecological traits of endangered subspecies, because roughly 50% of the target group was not included in the study owing to limited availability of information. Although we found slightly greater information availability for endangered subspecies in 4 out of 12 taxon-pairs that were included in the study, we observed a general trend of limited data to conduct within-taxon-pair comparisons. Our framework allowed for high levels of phylogenetic control, especially given that each taxon-pair was comprised of non-interacting closely related taxa, with preference given to those with greatest geographic proximity and similarity. Therefore, despite data limitations, we were able to provide assessments of vulnerability and adaptive capacity of species that often have limited information, are not available for controlled experiments, and are in need of conservation. Our ecological trait assessment along with SIVVA provided a robust approach to evaluating species attributes important for conservation.

Many taxa face multiple interacting threats, which are important to evaluate jointly. The use of SIVVA in conjunction with detailed literature surveys of ecological traits provides an in-depth approach to understand the potential drivers of vulnerability and adaptive capacity, differentiate relative impacts of different threats, and prioritize conservation efforts. This type of approach is crucial to help understand the loss of biodiversity and create conservation management practices that attain the most successful outcomes. According to a recent global assessment, the current rate of biodiversity loss is estimated between 100 and 1000 times greater than the historical or "background" rate, and is attributable to human activities such as land use change [@pone.0070647-Rockstrm1]. The evaluation of species vulnerability and adaptive capacity is extremely valuable given the importance of biodiversity in ecosystem functioning [@pone.0070647-Rockstrm1], [@pone.0070647-Naeem1] and sustaining human populations [@pone.0070647-Rockstrm1]. Studies with more narrow taxonomic or regional focus are more informative for practical conservation [@pone.0070647-Cardillo2], [@pone.0070647-Fisher1], and the flexible and modular nature of SIVVA is applicable to a broad range of taxonomic groups and ecological systems. The higher vulnerability and lower adaptive capacity of endangered subspecies in Florida is of particular concern in this region, especially given that many of these subspecies have larger home range sizes and shorter dispersal distances compared to their closely related non-endangered subspecies. The inevitable threat of sea level rise and continued habitat fragmentation in this region underscore the need to create and implement conservation plans that maximize conservation success.
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